Rapamycin and its analogs (rapalogs) are the first generation of mTOR inhibitors, which have the same molecular scaffold, but different physiochemical properties. Rapalogs are being tested in a wide spectrum of human tumors as both monotherapy and a component of combination therapy. Among them, temsirolimus and everolimus have been approved for the treatment of breast and renal cancer. However, objective response rates with rapalogs in clinical trials are modest and variable. Identification of biomarkers predicting response to rapalogs, and discovery of drug combinations with improved efficacy and tolerated toxicity are critical to moving this class of targeted therapeutics forward. This review focuses on the aberrations in the PI3K/mTOR pathway in human tumor cells or tissues as predictive biomarkers for rapalog efficacy. Recent results of combinational therapy using rapalogs and other anticancer drugs are documented. With the rapid development of next-generation genomic sequencing and precision medicine, rapalogs will provide greater benefits to cancer patients.
Introduction
The serine/threonine kinase mTOR (mechanistic target of rapamycin) is at the center of signaling pathways that are critical for the regulation of cellular metabolism, growth, and proliferation [1] . mTOR forms at least two separate protein complexes: mTORC1 and mTORC2. mTORC1 is composed of mTOR, raptor, mLST8 and deptor [2, 3] . Some of the mTORC1 components (mTOR, mLST8 and deptor) are also present in mTORC2. mTORC2 contains several unique subunits, including rictor, mSIN1 and PRR5 [4] . The best-known substrates of mTORC1 are S6 kinases (S6K1 and S6K2) and 4E-BP1 (eukaryotic initiation factor 4E-binding protein-1), which are involved in protein translation [1] . To coordinate cell growth and proliferation, mTORC1 responds not only to growth factors but also to energy, amino acids and oxygen levels. mTOR signaling is aberrantly hyper-activated with high frequency in various types of cancers and has been shown to be an important target for cancer therapy.
Rapamycin and its analogs are recognized as the first generation of mTOR inhibitors, which inhibit the activity of mTORC1 via binding to FKBP-12 and forming a ternary complex with mTOR. Derivatives of rapamycin, known as rapalogs, have the same molecular scaffold but different physiochemical properties. Clinical trials are ongoing with rapamycin, temsirolimus (Torisel, Wyeth), everolimus (Afinitor, Novartis) and deforolimus (ARIAD/Merck) in a wide range of human malignancies. Temsirolimus and everolimus have been approved by the FDA for the treatment of patients with advanced renal cell carcinoma [5, 6] . Everolimus has also been approved as monotherapy or a component of combination therapy for pediatric and adult patients with subependymal giant cell astrocytoma (SEGA), progressive neuroendocrine tumors of pancreatic origin (PNET), and SEGA associated with tuberous sclerosis (TS) (http://www.cancer.gov/cancertopics/druginfo/fda-everolimus). The second generation of mTOR inhibitors are active-site inhibitors, which simultaneously inhibit mTORC1 and mTORC2 by interacting with the ATP pocket of the mTOR catalytic domain [7, 8] . Numerous active-site inhibitors have been discovered and are currently in clinical trials, but few clinical results have been reported thus far.
Although rapalogs have validated the concept that the PI3K/Akt/mTOR pathway can be successfully targeted in clinical cancer treatment, objective responsive rates with rapa-
Rapalogs in monotherapy
To date, only temsirolimus and everolimus among the rapalogs have been approved for cancer therapy. Numerous clinical trials with rapamycin, temsirolimus, everolimus and deforolimus are ongoing in a wide range of human tumor types [9] . All of the rapalogs act similarly to inhibit mTORC1 and induce cell cycle arrest in G 1 phase.
Sirolimus
Sirolimus is the commercial name for rapamycin, a macrolide antibiotic discovered to have anticancer activity in 2002. Numerous studies have been performed to demonstrate the anticancer activity of sirolimus in a wide range of malignancies. However, the results from clinical trials have been disappointing. Approximately 20 clinical trials of sirolimus in cancer therapy are currently active, and in most studies, sirolimus is being evaluated in combination with other drugs. Limitations in the desired pharmacological properties and lack of intellectual property protection have led pharmaceutical companies to develop sirolimus analogs, including temsirolimus and everolimus, with improved water solubility.
Temsirolimus
Temsirolimus is an ester analog of rapamycin with improved pharmaceutical properties, including stability and solubility. Temsirolimus is formulated for intravenous injection. Although temsirolimus itself possesses anticancer activity, it is converted into rapamycin in vivo. Temsirolimus was approved by the U. S. Food and Drug Administration (FDA) in May 2007 for the treatment of advanced renal cell carcinoma [1] and was also approved by the European Medicines Agency (EMEA) in November 2007. Temsirolimus monotherapy also exerts significant efficacy in mantle cell lymphoma (MCL) and was approved for the treatment of relapsed and/or refractory MCL in the European Union in 2012. Currently, temsirolimus is undergoing evaluation as a monotherapy for the treatment of lymphoma and as a component of combination regimens in most clinical studies for the treatment of neuroblastoma, advanced hepatocellular carcinoma, etc. (http://www.cancer. gov/clinicaltrials).
Everolimus
Everolimus is the 40-O-(2-hydroxyethyl) derivative of rapamycin. Everolimus is orally available and is itself the main circulating component in human blood. Everolimus has been approved by FDA for the treatment of various malignancies, including advanced hormone receptor-positive and HER2-negative breast cancer in combination with exemestane, pediatric and adult patients with SEGA, PNET, and SEGA associated with TS. Everolimus is being studied in phase I -III clinical trials for the treatment of advanced hepatocellular carcinoma as a single agent or for the treatment of various cancers, including gastric carcinoma and pancreatic cancer, in combination with additional therapies. Available results have demonstrated a lack of efficacy as a single agent in hepatocellular carcinoma after sorafenib progression [10] , which might be due to failure to stratify the patients in the trials. Moreover, numerous combination therapies with additional drugs have failed to achieve desirable results if the patients were not preselected, indicating that a biomarker-guided clinical trial is warranted to improve the success rates.
Biomarkers predicting the efficacy of rapalogs in monotherapy
Although rapalogs have been approved for several types of cancer, the efficacy as monotherapy is not as significant as desired. Therefore, the identification of predictive biomarkers of treatment response is important to improve the efficacy of rapalogs. Currently, two strategies are primarily employed to discover rapalog biomarkers: an mTOR pathway-based strategy and a non-biased, high-throughput screen of tumor cells or patient tissues treated with rapalogs.
Pathway-based identification of predictive biomarkers Aberrations in the mTORC1 signaling pathway drives tumor initiation, growth and development. Because rapalogs are specific inhibitors of mTORC1, tumors with hyper-activated mTORC1 signaling are predicted to be more sensitive to rapalogs. Therefore, signaling molecules upstream or downstream of mTORC1, which may indicate the activation status of mTORC1, have been investigated for their utility as predictive biomarkers for rapalog efficacy.
PI3K-PTEN-AKT
PI3Ks activate downstream targets, including mTOR via Akt. PIK3CA, which encodes p110α, is frequently mutated in a wide variety of common human tumors [11] . Weigelt et al have demonstrated that breast cancer cells harboring PIK3CA mutations are selectively sensitive to everolimus [12] . Using a panel of isogenic breast epithelial cell lines, Di Nicolantonio et al have identified oncogenic variants of PIK3CA and KRAS as determinants of response to everolimus [13] . The authors have further shown that human cancer cells that originated from different tissue types and harbor alterations in the PI3K pathway are responsive to everolimus. However, cells are resistant to everolimus when KRAS mutations occur concomitantly or are exogenously introduced. Importantly, the authors found that the presence of oncogenic KRAS mutations is associated with a lack of benefit after everolimus therapy in a cohort of metastatic cancer patients [13] . A more recent clinical study of temsirolimus and ridaforolimus in endometrial cancer has discovered that either PIK3CA mutation or KRAS mutation www.chinaphar.com Meng LH et al Acta Pharmacologica Sinica npg correlates with response [14] . Thus, although PIK3CA and KRAS mutations may predict response to rapalogs, the response may also depend on the tissue origin of the cancer.
PTEN (Phosphatase and tensin homolog) is a negative regulator of PI3K, which dephosphorylates the 3-phosphate on the second-messenger molecule phosphatidylinositol-3,4,5-triphosphate (PIP3) and downregulates PI3K/mTOR signaling. A deficiency in PTEN activity activates PI3K and downstream signaling. PTEN is one of the most frequently mutated, deleted or silenced tumor suppressors in human cancer. Temsirolimus has been found to preferentially block the growth of PTEN-null cells [6] . PTEN-deficient myeloma cell lines have been found to be remarkably sensitive to temsirolimus compared to those harboring wild-type PTEN, while introduction of wild-type PTEN in PTEN-deficient myeloma cells is insufficient to restore drug sensitivity [15] . These data suggest that factors other than PTEN also affect rapalog activity. Wendel et al have found that loss of even one PTEN allele renders lymphomas sensitive to rapamycin, while introducing eIF4E or disabling apoptosis in PTEN +/-lymphomas promotes resistance to rapamycin [16] . These data further support the notion that PTEN might not be the sensitivity-limiting factor for rapalogs. Similarly, in a study using a panel of 31 breast cancer cells lines, the cell lines that lack functional PTEN have been shown to be insensitive to everolimus [12] . Yang et al have reported that PTEN loss fails to predict response to everolimus in a glioblastoma orthotopic xenograft test panel [17] . Results from clinical trials with everolimus for the treatment bladder cancer have indicated that PTEN loss might be associated with everolimus resistance [18] , which has been further confirmed by another study using bladder cancer cells and xenografts [19] . Together, these data show that loss of PTEN function in many tumors is insufficient to predict response to rapalogs in human cancers, and whether PTEN status predicts the sensitivity/ resistance to rapalogs remains controversial.
The serine/threonine kinase Akt functions as a critical mediator of signaling downstream of PI3K. Full activation of Akt requires phosphorylation at T308 by PDK1 and at S473 by mTORC2. Akt is well established as the predominant PI3K effector in many cell types, and phosphorylation of Akt is often considered to be surrogate readout of PI3K activity. Thus, phosphorylated Akt has been hypothesized to be a predictive biomarker for sensitivity to rapalogs. Gera et al have found that Akt activity determines sensitivity to rapamycin, which is associated with downregulation of cyclin D1 and c-Myc [20] . Phosphorylated Akt and overexpression of S6K1 have also been reported to be associated with rapamycin sensitivity in a panel of breast cancer cell lines [21] . Heightened Akt activity has been shown to sensitize small lung cancer cells to everolimus and enhance temsirolimus activity in multiple myeloma cells [22, 23] . A trend toward a positive association between the level of phosphorylated Akt in tumor samples and response to temsirolimus has been observed in a randomized phase II trial in advanced renal cell carcinoma, whereas patients lacking high expression of either phospho-S6 or phospho-Akt experienced an objective tumor response [24] . However, Akt could be phosphorylated as a result of PI3K activation or by mTORC2 upon feedback loop upon inhibition of mTORC1 by rapalogs. The role of Akt in the activity of rapalogs requires further investigation in additional clinical settings.
Immediate upstream components of mTORC1 mTORC1 is also regulated independent of PI3K/PTEN-Akt, and the immediate upstream components of mTORC1 may affect rapalog activity. TSC1/2 (tuberous sclerosis complex 1/2) negatively regulates mTOR activity and is often mutated in cancer. Whole genome sequencing of a patient with metastatic bladder cancer who demonstrated an extraordinary response to everolimus revealed a loss of function mutation in TSC1 [25] . The genome sequencing of 13 additional bladder cancer patients in the same trial of everolimus found that patients with mutated TSC1 achieved better response those with wildtype TSC1 [25] . In another clinical study, a patient with metastatic anaplastic thyroid carcinoma was found to develop resistance after an extraordinary 18-month response [26] . Whole-exome sequencing of pretreatment and drug-resistant tumors revealed a nonsense mutation in TSC2 (which suggests a mechanism for the exquisite sensitivity to everolimus) and a mutation in mTOR that confers resistance to everolimus. These results suggest that TSC1/2 mutations may serve as predictive biomarkers for the efficacy of rapalogs in at least some types of cancer.
A recent study by our group discovered that Rab1, a small GTPase, acts as an oncogene and mTORC1 activator independent of PI3K [27] . Rab1A overexpression promotes mTORC1 signaling and oncogenic growth in an amino acidand mTORC1-dependent manner. In colorectal cancer (CRC), overexpression of Rab1A correlates with elevated mTORC1 signaling, tumor invasion, progression, poor prognosis, and rapamycin sensitivity. More importantly, CRC cells with elevated Rab1A expression are especially sensitive to rapamycin. Amino acids also activate mTORC1 through the Rag GTPases, and GATOR1 has recently been identified as a key negative regulator of the Rag GTPases [28] . mTORC1 is hyperactive in cancer cells with inactivating mutations in GATOR1, and these cells are hypersensitive to rapamycin. These studies suggest that regulators of mTOR via amino acids are potential determinants of rapalog efficacy. mTOR TOR2 mutations in yeast were found to confer rapamycin resistance approximately 20 years ago [29] . However, rapamycin-resistant mutations in mTOR in humans were not described until 2000, when Sato et al identified two different point mutations, S2215Y and R2505P, that cause constitutive mTORC1 activation in a human cancer genome database [30] . The mTOR mutants retain the ability to phosphorylate 4E-BP1 upon starvation and render sensitivity to rapamycin [30] . Grabiner et al later generated a comprehensive catalog of mTOR cancer mutations and found that 33 mTOR mutations confer mTORC1 pathway hyperactivation [31] . The cancer mutations cluster in six distinct regions in the C-terminal half of mTOR [31] . An exceptional responder in a phase I study of pazopanib and everolimus in advanced solid tumors has recently been identified [32] . Whole-exome sequencing of the patient with a 14-month complete response on this trial revealed two concurrent activating mutations in mTOR [32] .
Downstream Components of mTORC1
Several molecules downstream of mTOR have also been studied as determinant factors of rapalog sensitivity, including the mTOR substrates S6K1 and 4EBP1 and the mTORregulated proteins, such as cyclin D1 and HIF-1α. Phosphorylated S6K1 has been reported to be indicative of rapamycin sensitivity in human colorectal cancer cells [33] . In a phase II trial of temsirolimus in recurrent glioblastoma multiforme, high levels of phosphorylated S6K1 in baseline tumor samples appear to predict a patient population more likely to derive benefit from treatment [34] . As the substrate of S6K1, phosphorylated S6 ribosomal protein can indicate the activity of S6K1. The level of phosphorylated S6 ribosomal protein has been found to be predictive of early response to deforolimus in the treatment of advanced sarcoma [35] and response to temsirolimus in advanced renal cell carcinoma [24] . Unfortunately, clinical trials of deforolimus for the treatment of sarcoma have been discontinued after marketing rejection by the FDA in June 2012.
High levels of 4E-BP1 have been reported to be associated with high-grade tumors and poor prognosis in patients with ovarian carcinoma [36] . By evaluating the expression of activated mTOR pathway components in 57 endometrial cancer surgical specimens, Darb-Esfahani et al have discovered that high levels of phosphorylated 4E-BP1 characterize high-grade, high-stage endometrial adenocarcinomas [37] . The authors also found that Ishikawa endometrial cells possessing hyper-phosphorylated 4E-BP1 are more sensitive to rapamycin than HEC-1A cells with low levels of phosphorylated 4E-BP1. Because the sample size was rather small, further study is required to validate the potential of phosphorylated 4E-BP1 as a predictive biomarker of rapalog efficacy.
The translation of cyclin D1 is under the control of an mTOR-mediated pathway, and rapalogs can downregulate the expression of cyclin D1 in many tumor types. Mantle cell lymphoma is characterized by overexpression of cyclin D1 via a t(11;14)(q13;q32) chromosomal translocation. Temsirolimus has been shown to significantly improve progression-free survival and objective response in mantle cell lymphoma [38, 39] , suggesting that cyclin D1 may be useful as a biomarker to predict the efficacy of rapalogs. However, whether cyclin D1 can predict rapalog efficacy in other tumor types requires further investigation.
Von Hippel-Lindau (VHL) is a tumor suppressor gene encoding an E3 ligase that promotes the ubiquitylation of the hypoxia-inducible transcription factors HIF1, HIF2 and HIF3, leading to their degradation by the proteasome. Loss of VHL is found in approximately 50%-70% of renal cell carcinomas, in which high steady-state levels of HIF are expressed. HIF protein translation is dependent on an mTOR-mediated signaling cascade, which suggests a rationale that mTOR inhibitors could be used for the treatment of renal cell carcinoma. In fact, temsirolimus and everolimus have been approved for advanced renal carcinoma. Thomas et al have found that loss of VHL sensitizes kidney cancer cells to temsirolimus in vitro and in mouse models [40] , suggesting that alterations in VHL or expression of HIF1αcould be used as predictive biomarkers for rapalog-based therapy in renal cell carcinoma [40, 41] . However, a global phase III study with temsirolimus and interferonalpha in advanced renal cell carcinoma has found that the baseline status of PTEN and HIF1α does not correlate with efficacy in renal cell carcinoma patients treated with temsirolimus or interferon [42] . The lack of correlation may be due to the variability in tumor specimens that occurred as a result of the global nature of the clinical trial. Similar results suggesting no correlation between PTEN expression or VHL status and response to temsirolimus in a randomized phase II trial have been reported [24] . Thus, other biomarkers are needed to predict response to rapalogs in renal carcinoma patients.
Omics-based approach to identify predictive biomarkers of rapalog efficacy As discussed above, several predictive biomarkers based on the PI3K pathway have been identified. However, these biomarkers are limited by current knowledge and have remained controversial. Novel high-throughput technologies for the analysis of global gene/protein expression profiles and gene mutations may expand the scope of biomarker candidates and improve the reliability of prediction.
To search for potential biomarkers that predict rapalog sensitivities, the correlations between rapalog activities and genes expression patterns in the NCI-60 cell lines have been studied [43] . An analysis of 9706 gene probes has discovered that CDKN1B, which encodes the p27 protein, is the most highly positively correlated gene. The correlation between p27 expression and rapalog activity is likely determined by the basal level of p27, which may provide a putative threshold to block the G 1 /S transition upon rapalog treatment; this correlation has subsequently been confirmed in human breast cancer cells and human cancer xenografts [43] . Because everolimus has been approved for the treatment of postmenopausal women with advanced hormone receptor-positive, HER2-negative breast cancer in combination with exemestane, employing p27 as a predictive marker to predefine response to rapalogs or develop combination regimens would improve response rates to rapalog-based therapy in breast cancer. p27 levels have also been shown to predict the responsiveness of pancreatic cancer cells to the dual PI3K/mTOR inhibitor BEZ235 [44] . Further validation of p27 as a candidate predictive biomarker of rapalog response in prospective randomized clinical trials is warranted.
The European Union multi-disciplinary Personalized RNA interference to Enhance the Delivery of Individualized Cyto-1167 www.chinaphar.com Meng LH et al Acta Pharmacologica Sinica npg toxic and Targeted therapeutics (PREDICT) consortium has recently initiated a framework to accelerate the development of predictive biomarkers of individual patient response to anticancer agents [45] . The consortium focuses on the identification of reliable predictive biomarkers to everolimus and sunitinib, a multi-targeted tyrosine kinase inhibitor. The PRE-DICT consortium planned to use established and novel methods to integrate clinical trials with high-throughput genomic analyses, including personalized tumor-derived small hairpin RNA and high-throughput small interfering RNA screens, to identify and validate functionally important genomic or transcriptomic predictive biomarkers of individual drug response in patients. Though clinical trials (E-PREDICT) using everolimus in renal cell carcinoma are currently undergoing, it may provide a good example to integration of personalized functional genomics into clinical setting, which may allow an unprecedented opportunity to identify patient-specific drug sensitivity pathways rather than be restricted to the known pathway context. Another advantage of this approach is that the analyses are performed in the clinical setting, circumventing the challenge of translating the data obtained from in vitro or in vivo studies to clinical implications.
Combination therapy based on rapalogs
This limited clinical efficacy of rapalogs may be due to insufficient inhibition of the mTORC1 substrates [46] , the well-known feedback Akt activation triggered by mTORC1 inhibition [47] , or the emergence of novel drug resistance mechanisms [48] . The combination of rapalogs with other anticancer drugs is an important strategy to improve their efficacy and has been studied in multiple preclinical and clinical settings [49, 50] . A wide spectrum of drugs have been studied in combination with rapalogs, including conventional cytotoxic drugs and agents targeting the PI3K/Akt pathway and related parallel pathways.
Combination with conventional cytotoxic drugs
Rapalogs induce cytostatic effects instead of death in tumor cells. Combining rapalogs with conventional cytotoxic drugs significantly enhances their anticancer activity in preclinical studies. These encouraging results have pushed the studies into clinical settings. Currently, rapalogs are being tested in combination with platinum, topotecan, capecitabine, 5-Fluorouracil and mitomycin C, etc. in various cancer types. In a recent study, the combination of everolimus and carboplatin was efficacious in metastatic triple negative breast cancer [51] . Although dose-limiting hematological toxicity was observed when AUC 5/6 of carboplatin was combined with everolimus, carboplatin AUC 4 was well-tolerated in combination with everolimus with continuing responses [51] . Therefore, achieving the balance between efficacy and toxicity is an important issue in developing the appropriate combination of rapalogs with cytotoxic drugs.
Targeting multiple components within the pathway Because rapalogs inhibit only the activity of mTORC1 and induce feed-back activation of Akt, combining rapalogs with inhibitors targeting the components within the pathway (such as upstream growth factor receptors and PI3K) seems to be a promising strategy. Rapalogs have been tested extensively in combination with monoclonal antibodies targeting growth factors or receptors, such as dalotuzumab (anti-IGF1R), cetuximab (anti-EGFR), bevacizumab (anti-VEGFa), and tyrosine kinase inhibitors, such as sunitinib, sorafenib and the PI3K inhibitor BYL-719. The combination of everolimus with trastuzumab plus vinorelbine significantly prolongs progression-free survival inpatients with trastuzumab-resistant and taxane-pretreated, HER2-positive, advanced breast cancer [52] . However, the clinical benefit should be considered in the context of the adverse event profile in this population. The combination of temsirolimus and bevacizumab has demonstrated substantial activity and reasonable tolerability in pancreatic neuroendocrine tumor in a multicenter phase II trial, with RR of 41%, which is well in excess of single targeted agents [53] .
Targeting parallel pathways
Tumor cells have evolved complicated signaling networks to support their survival and proliferation. Inhibition of mTOR could be compensated by parallel pathways. Simultaneously targeting mTOR and its parallel pathways is an attractive strategy to improve the efficacy of rapalogs. Rapalogs have been tested in combination with drugs regulating MEK, AMPK and autophagy. Although the combination of AZD6244 with rapamycin has been reported to display antitumor and antiangiogenic effects in preclinical models of human HCC [54] , a phase IB trial of the oral MEK inhibitor trametinib (GSK1120212) in combination with everolimus in patients with advanced solid tumors has revealed frequent treatmentrelated adverse events in treated patients [55] . Metformin is an activator of AMPK and leads to inhibition of mTOR, and clinical trials with the combination of rapalogs and metformin are ongoing.
Future perspectives
mTORC1 plays pivotal roles in multiple cellular processes and is aberrantly activated in cancers. Rapalogs have been shown to be promising therapeutics for various types of human malignancies. Great progress has been made in recent years to better understand the role and regulation of mTOR and its signaling network context. This progress has facilitated the identification of biomarker candidates to predict efficacy and combinatorial approaches for rapalog-based cancer therapy and ultimately to improve efficacy and expand the clinical use of rapalogs. However, rapalog-based cancer therapy is far from desirable and requires further optimization. To achieve this goal, the following issues should be addressed: 1) develop a more profound understanding of the regulation of mTORC1 in physiological and pathological conditions and the mechanism action of rapalogs; 2) identify biomarkers to stratify patients who are likely to benefit from rapalogs, which could be realized by large scale and high-throughput analyses of the correlations between gene background and rapalog efficacy in www.nature.com/aps Meng LH et al Acta Pharmacologica Sinica npg certain types of cancer in clinical settings; and 3) elucidate the mechanism of sensitivity/resistance to rapalogs in patients, which will help to constitute drug combinations; 4) because of the critical role of mTOR in immune modulation, combination of rapalogs with cancer immunotherapy is warranted to be studied in both preclinical and clinical settings. With the promise and implementation of precision medicine, further efforts are warranted to expand the therapeutic benefit of rapalogs in additional cancer patients.
